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INTRODUCTION
Cysteine, a non-essential amino acid, contains a sulfur atom in its side chain (CH 2 -S-H). The covalent link between the cysteine molecules is of two types: ordinary peptide bond (CO-NH) and disulfide bond (R-S-S-R ′ ). Although methionine, an amino acid, also contains a sulfur atom in its side chain, it does not form a disulfide bond, neither by itself nor with any other molecules. Thus, cysteine possesses identical behavior in the formation of a covalent link during polypeptide chain synthesis. The disulfide bond plays a significant role in protein folding, stability, and functional variation. 1, 2 Cysteine is a white crystalline solid having a molar mass of 121.15 g/mol and a melting point of 513 K. Its solubility in water is 16 g per 100 ml at 288 K. However, cysteine exhibits a hydrophobic nature, due to which it generally resides in the interior of proteins. Cysteine is essential for the synthesis of highly anti-oxidative glutathione, which is important in the detoxification and protection of various tissues and organs in the body. Furthermore, cysteine contributes to the absorption of nutrients from the intestinal wall and in the metabolism of lipids. It enhances fertility and strengthens the immune system, thus aiding prevention of dementia, multiple sclerosis, and Parkinson's disease. 3 It is also recognized as an anti-aging amino acid. All these functions place cysteine in a special position that cannot be substituted by any other amino acid. 4 The cysteine molecule as a residue in the protein chain plays a crucial role in the DNA-protein interaction. In the DNA methylation repair mechanism, cysteine works in the suicidal reaction in methyl-transfer from methyl-DNA to cysteine itself. 5 Cysteine not only plays a role in biomolecular interactions, but also acts as the catalytic agent in the electroreduction process of metals such as bismuth and gold in the appropriate solvents. 6 Therefore, the study of the mechanical properties of cysteine is necessary in biological and material sciences.
The term transport phenomenon means the process by which the mass, linear momentum, angular momentum, energy, and charge are transferred from one part of the system to another due to non-uniformity or inhomogeneity of the system. Diffusion, an important transport property, is the phenomenon in which mass is transferred as a result of random molecular motion. Various experimental techniques such as the peak-height method, 7 nuclear magnetic resonance (NMR), and molecular dynamics (MD) ARTICLE scitation.org/journal/adv simulations 8 have been performed to study the diffusion phenomenon of amino acids in water. These studies were mainly concerned about the effect of concentration, polarity, and temperature on the diffusion of amino acids. Based on the consideration of chemical parallel of its sulfhydryl (R-S-H) and hydroxyl (O-H) groups in the side chain of other polar amino acids, the cysteine molecule appears due to the hydrophilic nature; however, free cysteine molecules are found in the hydrophobic region of proteins. 9, 10 Since the cysteine side chain is hydrophobic in nature, it tends to enhance the diffusion in water. However, the sulfur atom at the cysteine side chain tends to reduce the diffusion, as it has a relatively higher atomic mass than basic elements in organic compounds, such as carbon, nitrogen, and oxygen. [11] [12] [13] The study of the effect of the hydrophobic interaction for relatively heavy molecule on the diffusion coefficient would be exciting. Importantly, the thiol -SH site of the cysteine residue in antibodies is functionally active in the interaction with metals such as gold and in bio-sensing. The cysteine molecule, after breakage of the disulfide bond in the peptide chain, plays a very important role in functionalizing the gold surface and immobilizing the antibody. Although gold is an inert metal, it can be made chemically active by interacting with a peptide sequence, basically interacting with sulfur available in the thiol group -SH of the cysteine residue. 14 Moreover, as the cysteine in combination with tryptophan can act as the strong link to bind refractory bio-receptors, it has wide applications in bio-sensing. 15 Since amino acids are the building blocks of protein molecules, they have many similarities with more complex biomolecules such as antibiotics. Antibiotics are widely used in medicines and nutrients. 16 Therefore, the measurement of diffusivity of amino acids is important in designing the drugs. Moreover, its efficiency of movement in solution can be quantitatively measured by determining the coefficient of viscosity in aqueous solutions.
Thus, a comprehensive study of the diffusion process and viscous property of amino acid molecule in water is essential to understand life processes and the physical mechanism of inorganic compounds. Many researchers have already studied the mechanical properties of some amino acids. 6, 17 To the best of our knowledge, the diffusion coefficient and coefficient of viscosity of the cysteine molecule in water using MD simulation has not yet been studied. Therefore, we intend to study these properties of cysteine.
DIFFUSION
Diffusion is a dynamic property of matter in which its particles are transported from the higher concentration region to the lower concentration region. It occurs due to the concentration inhomogeneity and thermal agitation of particles. 18 Diffusion plays many important roles in non-living substances as well as in living organisms. The diffusion in a homogeneous system having no chemical concentration gradient is called self-diffusion, and the corresponding diffusion coefficient is termed self-diffusion coefficient. 19 Einstein's equation is used to calculate the self-diffusion coefficients, which relates the diffusion coefficient with the mean square displacement (MSD) of the particles, 20,21
In Eq. (1), r(t) − r(0) is the displacement of the particle from the reference point during the course of time t, [r(t) − r(0)] 2 is the square of displacement, and ⟨⋯⟩ represents the ensemble average, and hence, ⟨[r(t) − r(0)] 2 ⟩ gives the MSD of the particle. Binary diffusion is the diffusion of particles in the mixture of two different substances. It is the quantitatively measured diffusion coefficient using Darken's relation 22
In Eq. (2), D 12 is the binary diffusion coefficient, D 1 and D 2 are the self-diffusion coefficients of substances 1 and 2, respectively, and N 1 and N 2 are the corresponding mole fractions.
In order to estimate the diffusion coefficients, simulations are carried out using periodic boundary conditions (PBC). Under PBC, the diffusion strongly depends on the size of the simulation box as suggested by Yeh and Hummer 23 due to the long range nature of hydrodynamics interaction. The effect of the system size on the diffusion coefficient (DPBC) under periodic boundary conditions is accounted for by [23] [24] [25] 
where D 0 is the system-size independent value of the diffusion coefficient, DPBC is the simulated value of the diffusion coefficient in the cubic box of size L under periodic boundary conditions (PBC), kB is the Boltzmann constant, T is the absolute temperature of the system, and η is the shear viscosity of the solvent,
From the intercept and slope of Eq. (3), the values of D 0 and η are estimated.
COMPUTATIONAL DETAILS
Molecular dynamics simulations were performed for the system of 3 cysteine and 1039 water molecules in a cubic box of size 3.17 nm at five different temperatures; 288 K, 293 K, 303 K, 313 K, and 323 K. The Extended Simple Point Charge (SPC/E) water model and Optimized Potentials for Liquid Simulations-All Atom (OPLS-AA) force field parameters were used in the simulations. All the bonded and non-bonded interaction parameters are assigned in the OPLS-AA force field by default, and the parameters for SPC/E 26 water model are included in the file spce.itp inherent to GROMACS 5.1.1. 27 In addition, the same atom possesses different partial charges based on the group of attachment. The Coulomb interaction occurs due to the partial charge existing in the atoms/molecules. Likewise, the van der Waal's interaction occurs as a result of the induced dipole interaction.
The coordinates assigned for the molecules in the .pdb file may not be the equilibrium structures, rather they are initial guess from the electron probability density map produced by x-ray diffraction (XRD) or nuclear magnetic resonance (NMR). In addition, molecules may have been under steric hindrance, which may produce unnecessary strain in the system. In order to remove the effects and to bring the system at the minimum potential energy state, the energy minimization process was carried out using the Steepest-descent algorithm. 27 
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After energy minimization, the system is ready to study the dynamic properties. However, the dynamical properties, such as diffusion and viscosity, usually vary with the parameters such as temperature, pressure, and density. 28 Therefore, before starting the production run, these aforementioned parameters should be kept constant during simulation, and the system under study is to be brought in the state of thermodynamic equilibrium, which is known as equilibration of the system. To bring the system to the state of thermodynamic equilibrium, we performed the equilibration run for each system in NPT ensemble. The velocity rescaling thermostat with a temperature coupling time of 0.01 ps and the Berendsen barostat with a coupling time of 0.8 ps were used during each simulation. 27 The isothermal compressibility of 4.6 × 10 −5 bar −1 was taken. The Linear Constraint Solver (LINCS) constraint algorithm was applied to convert all bonds into constraints during the equilibration run. 27 The cutoff distance of 1 nm was taken for both Coulomb and Lennard-Jones (LJ) interactions, and the long range Coulomb interaction was accounted for using the PME (Particlemesh Ewald) method with a Fourier spacing of 0.12 nm. To start up the equilibration run, the velocity of the molecules should be assigned. Maxwell-Boltzmann distribution was used to generate the initial velocities for the particles in the system. To obtain new positions and velocities of the particles after each time step, the leapfrog algorithm 27 was chosen. Each equilibration run was performed for 50 ns with a 1 fs time step.
Consequently, the production run of each system was performed to calculate the transport properties of the system in the NVT ensemble for 50 ns with a time step of 1 fs taking velocityrescaling thermostat with a coupling time of 0.01 ps. Furthermore, it is not required to generate the initial velocities in the NVT run as the simulation continues with the velocities generated in the equilibration run.
RESULTS AND DISCUSSION
In this section, we present structural analysis and transport properties of the system at different temperatures.
STRUCTURE OF THE SYSTEM
The radial distribution functions (RDF) between the pair of atoms are used to analyze the structural properties of the system. For this, we have plotted the RDF between oxygen atoms of water molecules [g OW-OW (r)] and carboxyl oxygen of cysteine and oxygen of water [g OC-OW (r)] at five different temperatures. Figure 1 shows the RDF between oxygen atoms of water molecules at the following temperatures: 288 K, 293 K, 303 K, 313 K, and 323 K.
The values of the excluded region (ER), first peak position (FPP), first peak value (FPV), second peak position (SPP), second peak value (SPV), third peak position (TPP), and third peak value (TPV) of RDF g OW-OW (r) are presented in Table I. In Fig. 1 , there are three distinct peaks. The first peak, which is located at the separation of about 0.27 nm from centered atom's position, is the highest and sharpest. This implies that, at this position, the maximum number of oxygen atoms is clustered from the reference oxygen atom. In other words, the probability of finding oxygen atoms at the first peak position is the highest. This is the most preferable position or minimum energy position from the centered atom. The value of the Lennard-Jones parameter σ of oxygen in water is 0.3166 nm and the van der Waal's radius is (2 1 6 σ) ≈ 0.36 nm. However, the FPP in our system is 0.27 nm less than 0.36 nm. This reveals the fact that there is not only the LJ interaction between oxygen atoms of water, but also other interactions such as Coulomb and bonded interactions are present.
The second and third peaks are relatively shorter and wider, which are located approximately at positions 0.45 nm and 0.68 nm, respectively. The excluded region, in which RDF is zero, has extended up to 0.24 nm from the center of the reference oxygen atom. Any other oxygen atom cannot exist within the excluded region due to strong repulsive forces, namely, the r −12 term of the LJ interaction and repulsive Coulomb interactions. 29 We have also studied the effect of temperature on RDF. With the increase in temperature, the peak positions are shifted to right, heights of the peaks are decreased, and widths are increased (see Table I ). This reflects that our system has become less organized with the increase in temperature. The increase in thermal agitation of atoms in the system with rising temperature accounts for this fact. Furthermore, beyond the third peak graph is the straight line possessing the unit value on average. This indicates that there is no pair correlation of the oxygen atoms.
The RDF g OC-OW (r) gives the insight into how the carbonyl oxygen atoms of cysteine are organized around the oxygen atom of water. Figure 2 represents the RDF g OC-OW (r) at the abovementioned temperatures. From the figure, it is clearly seen that the RDF has two noticeable peaks. The values of ER, FPP, FPV, SPP, and SPV are tabulated in Table II. The first peak, which is located at the separation of about 0.33 nm from the position of the reference oxygen atom of water, is the highest and sharpest. This implies that, at this position, maximum number of carbonyl oxygen atoms of cysteine clustered from the reference oxygen atom. Therefore, this is the most preferred position of carbonyl oxygen atoms to cluster around the oxygen atom of water. The second peak is relatively shorter and wider, which is located approximately at the position of 0.58 nm. The excluded region extends up to 0.24 nm from the center of the reference oxygen atom. It is not possible to find any carbonyl oxygen within the excluded region due to strong repulsive forces. Beyond the second peak, there is no pair correlation of carbonyl oxygen atoms and the reference oxygen atom of water. 
DIFFUSION COEFFICIENTS
The self-diffusion coefficients of cysteine and water have been calculated for five different temperatures by using the corresponding MSD curves. We have determined the self-diffusion coefficient from the slope of the MSD plot according to Einstein's equation (1) .
We have plotted the MSD curves for 3 ns for all temperatures, even though the production run was done for 50 ns as statistics is better at the beginning than the ending region of the plot. Figures 3 and 4 show the MSD vs time plot for cysteine and water at 288 K, 293 K, 303 K, 313 K, and 323 K temperatures. The study has shown that as the temperature increases, the slope of the MSD curves also increases, which in turn increases the selfdiffusion coefficient. The estimated values of self-diffusion coefficients of cysteine and water and their binary diffusion coefficients are presented in Table III with previously reported experimental values. Table III demonstrates self-diffusion coefficients are in agreement with that of experimental values within 12% error. The error in the experimental values of self-diffusion coefficient of water, as reported by Holz, 30 is less than 1%. The self-diffusion coefficients of cysteine and water at particular temperatures obtained in the previous sections are now used for the calculation of binary diffusion coefficients by using Darken's relation (2) . We have simulated three cysteine molecules and 1039 water molecules, 1042 molecules in total. Thus, the mole fraction of cysteine is 0.003 and that of water is 0.997. The calculated values of binary diffusion coefficients and the corresponding experimental values are shown in Table III . The calculated value of the binary diffusion coefficient agrees within 4% 7 with the experimental value at 288 K. In addition, the calculated values of diffusion coefficients increase with the increase in temperature because the thermal energy of molecules increases with the increase in temperature but the density of the system decreases, which in turn increases the available space for diffusion. Thus, the molecular movement in the system is enhanced, and hence, the diffusion coefficient increases at higher temperatures.
Temperature dependency of diffusion
As observed in Table III , the diffusion phenomenon is strongly dependent on temperature. The temperature dependent behavior of diffusion is given by the Arrhenius equation 29
In Eq. (4), D is the diffusion coefficient, D 0 represents the preexponential factor, Ea is the activation energy for diffusion, NA is the Avogadro's number whose value is 6.022 × 10 23 mol −1 , kB is the Boltzmann's constant whose value is 1.38 × 10 −23 J K −1 , and T is the absolute temperature. On taking natural logarithm in Eq. (4), we get
The activation energy Ea for diffusion can be obtained from the slope of ln D vs 1 T plot (Arrhenius plot) as
The intercept when extrapolated to the 1/T → 0 in the Arrhenius plot gives the pre-exponential factor. Figure 5 depicts the Arrhenius plot of the simulated values of self-diffusion of cysteine. The activation energy for self-diffusion of cysteine calculated using the slope of the linear fit of simulated values is found to be 15.49 kJ mol −1 . Figure 6 portrays the Arrhenius plot of both the simulated and experimental values of self-diffusion of water. The activation energies for self-diffusion of water calculated using the corresponding slope of the linear fit of simulated values and experimental values are found to be 15.67 kJ mol −1 and 17.88 kJ mol −1 , respectively. Figure 7 displays the Arrhenius plot of simulated values of binary diffusion of cysteine in water. The activation energy for binary diffusion of cysteine in water calculated using the slope of the linear fit of simulated values is found to be 15.50 kJ mol −1 . Figures 5-7 demonstrate the temperature dependency of diffusion. From these plots, it is seen that the diffusion coefficients are found to increase with temperature. We have calculated the activation energies for diffusion of cysteine, water, and their binary mixture by using the slopes of the respective Arrhenius plots, which are tabulated in Table IV. From Table IV , it is observed that the activation energies for self-diffusion of cysteine and for the binary diffusion of cysteine in water are almost same. This implies that the concentration of cysteine in the system is infinitesimal. Furthermore, the activation energy calculated for simulated and experimental values of self-diffusion of water is in agreement with the error of 13%.
Effect of system size on diffusion
Moreover, the diffusion coefficient under periodic boundary conditions (PBC) also depends on the size of the system. 23 In the above calculation, the diffusion coefficient has been calculated at different temperatures under periodic boundary conditions. Now, the simulation was extended to find how the diffusion coefficients vary by changing the size of the box. For this, other two systems were set up: (i) 2 cysteine in 693 water molecules in the box of size 2.76 nm and (ii) 5 cysteine in 1732 water molecules in the box of size 3.75 nm.
The estimated values of diffusion coefficients under periodic boundary conditions with simulation boxes of different sizes are tabulated in Table V. In addition, the values of the viscosity coefficient of water and the solution of cysteine in water were determined at 288 K. They were calculated by plotting DPBC vs 1/L in accordance with Eq. 31 The viscosity coefficient of solution is found to be greater than that of water as presented in Table VI .
CONCLUSIONS
In this work, we have performed the molecular dynamics study of transport properties of cysteine in SPC/E water molecules at 288 K, 293 K, 303 K, 313 K, and 323 K temperatures using the GROMACS 5.1.1 software package. We used OPLS-AA force field parameters throughout the simulation. The structures of the solute and solvent of the system are studied via radial distribution functions between atoms. The analysis of the RDF plots at different temperatures reveals that the system becomes less organized with the increase in temperature. Moreover, Lennard-Jones and Coulomb interactions, including many body effects, contribute to the structural properties of the system.
The self-diffusion coefficients of both cysteine and water are determined by using the Einstein's equation. In addition, the diffusion of the binary mixture of cysteine and water is calculated by using Darken's relation. The simulated values obtained are compared with the corresponding experimental values. The simulated values of self-diffusion coefficients of water show excellent agreements with experimental values, especially at higher temperatures and with a small deviation (∼11%) at low temperatures (288 K). Likewise, the simulated values of the binary diffusion coefficient of cysteine in water were compared with the available experimental values at 288 K. This comparison shows very little deviation of about 8%. Furthermore, the estimated values of diffusion coefficients increase with the increase in temperature, which follows the Arrhenius plots. We also estimate the activation energies of diffusion. We have compared the calculated value of activation energy for self-diffusion of water with the experimental value, which is in agreement with the error of 13%. In addition, we have studied the effect of the system size on diffusion, and the viscosity coefficients of both water and solution are estimated at 288 K.
As the further extension of this work, we have a plan to study the transport properties of polycysteine in aqueous medium.
